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FURTHERIIWESTIGM!IOIJOFTHEFI?ASIBIXITYOFTHEFREEZE-CASTINGMECHOD

FORFORMINGJ?WL-SIZEINFILTRATEDTl?MIUWCARBIDETURBINEBMIIES

ByE.M.Grala

A methodofcastingfull-sizecermetturbinebladesfrczutitanium
carbidewasinvestigated.An extremelythickslipoftitaniumcarbide
waspreparedwitha smallamountofbinder,castintoamoldbyvibra-
tion,centrifuged,andfrozentoretaintheshapeofthemold.The
castingwasthendriedinanabsorbentsandandsinteredbyconventional
means.Theporouscastingcouldthenbeimfil.tratedwitha nickel-or
cobalt-basealloy.Densitiesandradiographsofthebladepriortoin-
filtrationwereusedascriteriaforsoundness.

INTRODUCTION

Becauseofoutstandingstrengthandoxidationresistanceathigh
temperatures,manyoftherefractorycarbides,oxides,silicides,bor- .
ides,andcermetshavebeenproposedforuseasturbine-bladematerials.
Presentmethodsofformingthesematerialsconsistofgrindingeither
fullysinteredorsemisinteredblankstoshape.Becausethesegrinding
operationsarebothtime-consumingandcostly,methodsofeliminatingor
minimizingthemareofinterest.

A methodforpreparingintricatelyshapedobjectsfromrefractory
powderswithoutgrindingisreportedinreference1. Briefly,that
methodconsistsofpreparinganextremelythickslipofsucha material
astitaniumcarbidewitha small.amountofbinder,castingtheslipinto
a mold,andfreezingtoretaintheshapeofthemold.Thecastingis
thendriedby sublimation,sinteredorsemisintered,andinfiltrated.
Todemonstratethefeasibilityofthatmethod,smallturbineblades
(fig.l(a))wereprepared.

Whenthisworkwasextendedtofull-sizeturbineblades(fig.l(b)),
thefollowingproblemswereencountered:,

(1) Segregationsandlargeholeswerefoundinthecasting,partic-
ularlyintherootarea.
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(2)Intheas-caststate,thecastingshadexcessivelylow
densities.

(3)Gradationsindensitywerefoundalongthelen@hsofthe
blades. .

Theobjectiveofthisinvestigationwastodeterminewhetherthese
difficultiescanbeovercomeandtodemonstratethatitispossibleto
makea full-sizeporoustitaniumcarbideturbinebladesuitableforin-
filtration.Thedensitiesandradiographsofpresinteredcompactsprior
toinfiltrationwereusedascriteriaforsoundness.

PROCEDURE

l?keeze-CastingMethod

Thefreeze-castingmethodthatwasdevelopedisshowninflowsheet
forminfigure2. Theprocesses.arediscussedinthissectioninthe
ordershowninthefigure.

.

“

.

#

Powder.- ThetitaniumcarbidepowiierwasproducedbyKennsmetal
Inc.andhadanaverageparticlesizeof3 to5microns.Thepowder
containednoparaffinorbinderofanykind.

Preparationofslip.- Titaniumcarbideslipswerepreparedbymix-
ing220gramsoftitaniumcarbidepowderwith40-titers ofa binder
consistingofeithera 40percentbyweightaqueoussuspensionoflatex .
ora 2.5percentaqueoussuspensionofcornstarch.

Althoughboth@es ofbindersweresuccessfullyused,thelatex
suspensionresultedincastingswhichdriedmorereadilyandhadbetter
greenstrengthand,consequently,wasusedformostofthecastings.
Thespecimenscontainingthisbinderalsohadtheadditionaladvantage
thattheyhardenedmorethanthosecontainingstarchduringthecentri-
fuginguperation.AJJ.slipsweretied byvibratingthemixtureofpow-
derandliquidwitha constantfrequency(60cycles]anda variable-
amplitudevibrator.Thepowerinputandrelatedamplitudecouldbead-
justedtogiverapidmixing.Slipsweremixed,setfor2hourswhile
caveredtopreventevaporationofthewater,remixed,andcast.b pre-
liminarytests,itwasdeterminedthattheminimumbindercontentwhich
wouldpossessgooddiefil.lhgpropertieswas.onecontainingapproxi-
mately16percentbinderbyvolume.Consequently,thisratioofbinder
totitaniumcarbidewasusedthroughoutthisinvestigation.

Mold.- Whenconsideringamoldmaterialforthefreeze-castpro-
cess,thefolJouingrequirementsarevezyimportant:

(1)Thefrozenbindershouldnotadheretothemoldcavity.

J
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(2)Themoldshouldbelightsothatitmaybereadilyvibrated
thedesiredamplitudeduringthefiUingoperation.

(3)Themoldshouldhavesufficientstrengthtoresistthepres-
suresexerteduponitduringcentrifuging.

(4)Themoldmaterialshouldbeeasilyshaped.

Inthisinvestigationa coatingwasusedtopreventtheadherence
ofthecastingtothemold.Considerablecareisrequiredintheselec-
tionofa coating,sinceitmustadheretightlytothemoldandnot
flow,buckle,orwrinkleduringcentrifuging.Tefloncoatingshadthe
requiredproperties.IcedoesnotadherereadilytoTeflon(0.005-
percentwaterabsorption(ref.2)),anditcanbecoatedontomaterials
suchasaluminum,magnesium,andsteel.Becauseofeaseofmacb~n
andverylowdensity,magnesiumwasusedasthemoldmaterial.Teflon
coatingsweresinteredontothedies(fig.3).

#-
2! Asreportedinreference2,Teflonhaslowdensity(2.1to2.2
q“ g/cc)somestrength(1500-to3000-psitensilestrengthatroomtemper-
g ~ature,andcanbereadilymoldedormachinedtoshape.Theseproper-

tiesindicatethatsolidTeflonmightbeusedformoldsforthefreeze-
castprocess;however,thiswasnotinvestigated.

Casting.-Althoughtheslipsweresodrythattheywouldstand
witha~~ing, theywereveryfluidwhenvibratedandwouldflow
easilyintothemold.Theapparatusforcastingtheslipintothemold
isshowninfigure4. Boththemoldandhoppercontainnntheslipwere
vibratedat60cyclesperminutethroughoutthecastingprocess;how- ~
ever,theamplitudeofeachwasadjustedforrapidfilling.Ittook
about15minutestofillthemold.Theslipflowedthroughtheblade
base.Initially,whilefillingtheairfoilsection,themoldwastilted
ata slightangletowardthehopper.Whenthebladeplatfomuwas
reached,themoldwasrotatedbacktoa verticalpositiontoeliminate
airpocketsintheblade.Afterthemoldwasfilled,itwasvibratedat
lowamplitudeforabout1 hour.Duringthist~e approximately3/4to1
inchofliquidcametothetopofthemold.Thisliquidwasdecanted
anddiscarded.

Centrifuging.- Centrifugingwasusedtoincreaseandequalizethe
densityofthecasting.Afterthemoldwasfilled,itwasplacedinthe
centrifuge(showninfig.5)withthebladebasetowardthecenterand

1ata radiusof> inches,andcounterbalanced.2 Thecycleusedforeach
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specimenisshuwnk thefolla?ingtable:

Irml8pinSpinningThe at
nuniberspeed, spinning

speed,

I
1 1500 2

2 1900 ‘“1/2

3 1500 2

a4 1500 2’

Amount of
liquid
decanted
afterrun,

ml

6

0.5

.5

.7

,

u

aA120-gremleadweightwasplacedin
themoldatthebladebaseduring
thisspin.

Thecompactwaslightlyhandtempedbetweeneachspincycle.Ifthe
liquidwerenotdecantedaftereachrun,thetotalliquidremovedby
centrifugingwouldhavebeenmuchless.Duringthefourthspinningrun
a 120-gramleadweightwas placedinthemoldsothatitrestedagainst
therootsectionofthecasting.Thisincreasedthecentrifugalforce
atthatpoint.

Freezi~.- Beforefreezingthemold,theedgesweresealedand
lightlyclampedtogetherwithcellophanetape,whichpreventedthemold
fKmpOppingopenastheboltswereremoved.Themoldassemblywasthen
placedina bathofkerosene,whichwasheldat25°to28°F. Freezing
timeswerefrcm45minutesto1 hour.

Castingrauoval.-Afterfreezing,thecastingwastakenfromthe
mold.Asmentionedpreviously,theuseofTefloncoatingspreventedany
sticking,andthebladewaseasilyremoved.A photographofanas-cast
surfaceisshuwninfigure6. Thewrinkle-freesurfacesandtheabsence
ofanytearingorpulloutscanbenoted.

b preliminarytestswithcoat3ngswhichwerenotsufficientlyad-
herenttothemoldwall,itwasnotedthatthecoatingsmewedradially
outwardduringcentrifugingandresultedinwrinkledsurfacesonthe
castings.

Drying.- Thefrozencastingswereplacedonabed ofthedrying
agent,fullerlsearth,andthencoveredwithadditionaldryingagent

,.

(fig.7). Thebladeswereslowlydriedfor2daysatroomt~erature.
Thedryingagentgentlysupportsthecastingandprovidesfora slow
ufifo~removalofthewater.Thisprocedurehasbeenfoundtomimhnize

k,

distortion.
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Sintering.- Thebladesweresinteredfo~1
vacu~~re of1 to5microns),whilebeag

5

hourat2500°.F ina
supportedbythegraph-

itedieshowninfigure8. Thediepreventedthebladeframwarping
duringsinteringandactedasa susceptorintheelectricalinduction
fieldusedtoprotidetheheat.

Infiltration.- Oneofthesinteredporoustitaniumcarbideblades
wasinfiltratedwitha high-temperaturealloy(S-590].Thiswasdoneby
placingthebladeinaninvertedpositionin-agrap~tediewithapiece
ofinfiltratedmetalofthedesiredweightplacedontopoftheblade.
Distortionduringinfiltrationwasminimizedbymakingthegraphitedie
usedforinfiltrationsmallerthantheoneusedforsinteringbythe
amountoftheshrinkagethatoccurredduringsintering.Theinfiltra-
tionwasaccomplishedina vacuum(1to5 microns},and,again,the
graphitedieactedasa susceptorintheinductionfield.Thetempera-
turewasraiseduntilthemetalbecamefluidandwashelduntilthe
metalwasabswbedintotheporousbladebygravityandca@llaryaction.

Density.
dete~~y
porousblades

EvaluationofBladeProperties

- Thedensitiesofsinteredandinfiltratedbladeswere
theconventionalwater-immersionmethod.Thesintered
wereimmersedina paraffinbathpriortothedensityde-

~erminationinordertosealthe&mfacepores.-Nochangeinweightwas
observedwhiletheporousbladeswereimmersedinwater.

Soundness.- Radiographstakenwitha 140-kilovoltX-raymachine
wereusedasa criterionofsoundness.Inmostcasesbothhigh-and
low-densityexposuresweremadetoimprovecontrast.

RESULTSANDDISCUSSION

CastandSinteredFreeze-CastBlades

Bladesmadebythefreeze-castmethodarelistedintableI. A
photographofa driedfreeze-castbladeisshowninfigure9(a],anda
bladeaftersinteringisshowninfigure9(b).Radiographsshowedthem
tobefreeofholes,segregations,orcracks.A radiographofblade2
(tableI)aftersinteringisshowninfigure10. Roughmeasurementsof
shrinkagemadefromtheradiographsshowedthattheshrinkagewasap-
proximately4 percentinthelengthand3percentinthewidth.A com-
parisonintableIIofthedensitiesofvarioussectionsofa sintered
blade(blade3,table1)indicatesthattheporosityoftheairfoil
variesfrcm30to33percent.Thisisbelievedtoberemarkablyuniform
fora 4-inchlength.However,theporosityinthebasewas25.1percent.
Thisdecreasewasprobablycausedbythegreaterpackingforceexerted
orithatsectionbytheleadweightaddedtothemoldduringcentrifug-
ing.Theporosityintherootcouldprobablybeincreasedtoa value
moredesirableforinfiltrationbyreducingthesizeoftheleadweight.



6. NACATN 3769

Becausethecentrifugalforceexertednearthebasewasaminimum,it
wasthoughtthattheforcewasnotsufficienttoprovidetherequired
packing.Thus,theleadweighthadbeenaddedtoprovideadditional
loadontheroot.Sincethiswasa feasibilitystudy,noattemptwas
madetovarytheamountofleadanddeterminetheoptimumweight.

hfiltratedFreeze-CastBlade

A freeze-castbladeinfiltratedwithS-590alloyisshowninfig-
uresl(a)and9(c).Thehardnessanddensityvaluesforvarioussec-
tionsoftheinfiltratedblade(blade2,table1)arelistedintable
III. Boththedensityandthehardnessofthebladeareuniformover ‘
theentirelength.Weightsofthebladebeforeandafterinfiltration
indicatethatthemetalcontentisapproximately49.5percentbyweight.
Themicrostructureofthei.nfiltratedbladeatvarioussectionsis
shawninfigureU.. Examinationofthestructuresshowstheincreasing
separationofthecarbidegrainsasthebaseoftheblade(pointofin-
filtration)isapproached.Atthetopoftheairfoil(fig.n(a))there
isa largeamountofinterconnectedcarbides(darkerphase).Atthe
centeroftheairfoiltheemountofinterconnectedcarbideshasde-
creased(fig.n(b)). Thereisverylittleofthetiterconnectedcar-
bidesatthebottcsnoftheairfoil(fig.Il.(c))anda fairlyuniform
dispersionofcarbideinthebase(fig.U.(d)).Theamountofporosity
decreasesasthebaseisapproached.Thetopoftheairfoil(fig.n(a))
showsa slightamountofporosity(blackareas).Asthecenterofthe
airfoilisapproached,theamountofporosityhasdecreasedconsiderably
(fig.I.l(b)). Atthebottamoftheairfoilandintherootsectionno
porosityisvisible(figs.n(c) and(d)).Anincreaseinthecarbide
grainsizenearthebaseofthebladeisevidentbycomparingfigures
n(a) and(b)withfiguresn(c)and(d).h eachcasethecarbides
tendtoberoundedratherthanangular.

Therootsectionhasthelongesttimeincontactwiththeinfil-
tratedmetalduringinfiltrationandisalsosubjecttothegreatest
degreeofsolution,sincedl oftheinfiltratedmetalmustpassthrough
thisarea.Theroundingofthecarbideintherootmicrostructureap-
pearstobea resultofthisincreasedsolution.Heattreatmentssub-
sequenttoinfiltration,holdingthebladeattemperatureafterinfil-
tration,orinfiltratingavera broaderareamayresultinamoreunif-
orm structurethroughoutaninfiltratedblade.

ApplicabilityofMethod

Infiltrationofaporoustitaniumcarbideturbinebladeproduced
bythefreeze-castmethcdoffersa convenientmethodofproducingtita-
niumcarbidecermetturbineblades.A largeamountofpowderwasteand
machiningoperationsiselhninated.Thebasicstepsinvolvedinfreeze

.

.-— -—— ——-- -- ———-— .._—..- —.



NACATN 3769 7

castingareshowntobeapplicabletoa varietyofrefracto~powders
(ref.1). Itisbelievedthatthevariationintheprocedureusedin
thisstudydoesnotalterthisapplicability,andthefreeze-castmethod
offersa convenientmethodofproducingturbinebladesorotherobjects
ofcomplexshapefrm otherrefractorymaterialssuchasaluminumoxide
ormolybdenumdisilicide,whicharedifficulttofabricate.

SUMMARYOF REsULTs
An investigationofa methodoffreeze-castingfull-sizeporous

turbinebladesfromtitaniumcarbidepcwderhasshownthemethodtobe
feasible.Basicstepsintheprocedureare:

(1)Preparationofanextremelythickslipofthepowderina fluid
containinga binder

(2)Vibratingtheslipintoa mold

(3)Centrifugingthecastingtoachieveamoredenseanduniform
body ..

(4)Freezingthesliptoretainthes~peofthemold

(5)Removaloftheremainingliquidbydryingthecastinginporous
sandsuchasfuller’searth

(6)Sisteringthedriedcasting

Thepreparedporoustitaniumcarbideturbinebladeswereofgood
appearanceandfreeofflaws.Whilethebladescontainedsaneporosity
afterinfiltration,itisbelievedthatthefeasibilityofthemethod
hasbeenestablished,andwithfurtherdevelopment,bladesfreeofflaws
canbeproduced.

LewisFlightPropulsionLaboratory
NationalAdvisoryCammitteeforAeronautics

Cleveland,Ohio,June18,1956
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TAME 1. - DATAFOR FREEZE-CASTB-
In

Density, g/1111Poroailiyof RadiographOf Appearance
Sinteredntier ~.&t~~ ~utmt~ Dried StitardMlltratad
cad ing,

percent castlug casting castIng

1 3.26 (a) 34.1 Qooa ---- Good

2 3.24 6.17 54,5 GclCd Good God Ckd

5 3,38 (a) 31.7 Good Good ---- God

%’JotInflltratad

TABLE II. - ISNSITYAND PERCEETPURLMITYOF VARIOtEmIQlJ6 W SINIMUIDFRl?EZE-CMJ!BLAnE

Blade Over-.sU over-all. Top of airfoil. Center of alrfoll Bottom of airfoil Root
mnriberdemity pormityor ~M, ~ ~me, Density,Porosity,Density, Porosity,Density,Porosity,Density,Porosity,

g/ml ~rcent,
g/d percent g/nil parmnt QJml percd g/1111 p,.~t’

3 3.38 31.7 ‘ 3.46 30.6 3.34 33.0 3.41 31..5 3.73 25.1 ‘

Enuniber2

c

TABLe III.- -ITY AND IiAFUESS (IF VKRIOW SECTIUNSUE’lliFIURATEDFREEm-CAm BImE

over-allI Top of airfoil I Centerat airfoil.I Bottm of airfoil! Root I
knsity of -iw, Hardness, Density, Hardness, Density, liardneOs,Density, REmlness,

g@l RcdswallA- &/ml RockwellA- g/ml Rockwall.A- gJliL ROCISWIJ.A.b$~

6.17 6.21 86.4 6.01 85.5. 6.08 86.1 6.09 S3.8
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C-40794---- .—-
(a)Smallsize.- (b)Fullsize.

Figure1.- Turbi?iebladespreparedfromrefractorypowders
withoutgrinding.
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Binder solution,
40 percentlatex
or25perdent

Titaniumcarbide starch,aqueous
powder, - solution,
220gm 40 ml

i

Slipmixedby vibration(setfor2 hr)

t

Slipvibratedintomold

I
Moldcontainingslipcentrifuged

I

slipfrozen

1

Bladeremovedanddriedinabsorbentsand

1
Blade

Poro& bladeinfiltrated

sintered

withhigh-temperaturealloy

.

Figure2. - Flowsheetforpreparationoftitaniumcarbidecermetturbineblades.
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C-42322
Figure4. - Vibration-castingunitforfreeze-;astprocess.
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FQure 5, . centrifuge used flmaensifyingaastpov&m .
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Iblade\
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. ]C-42323

Figure7.-m~ offrozenfreeze-castblades.
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(a) Mrfoll.

Figure10.- Radiographof slnteredtitanium
tableI).

C-42324

(;)Root,

carbideblade(blade2,
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(b)Middlecd’edxfoll.
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(o)BottamC& airfoil. (d)hot,

Tigure U.. - Mlorostructum at WIIeus motions of iittmlumoarbidefreeze-cast
bladeinfiltratedwithalloyS-590. Ho eteJwrtJ~OCO.
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